Genome editing is an approach in which a specific target DNA sequence of the genome is altered by adding, removing, or replacing DNA bases. Artificially engineered hybrid enzymes, zinc-finger nucleases (ZFNs), and transcription activator-like effector nucleases (TALENs), and the CRISPR (clustered regularly interspaced short palindromic repeats)-Cas (CRISPR-associated protein) system are being used for genome editing in various organisms including plants. The CRISPR-Cas system has been developed most recently and seems to be more efficient and less time-consuming compared with ZFNs or TALENs. This system employs an RNA-guided nuclease, Cas9, to induce double-strand breaks. The Cas9-mediated breaks are repaired by cellular DNA repair mechanisms and mediate gene/ genome modifications. Here, we provide a detailed overview of the CRISPR-Cas system and its adoption in different organisms, especially plants, for various applications. Important considerations and future opportunities for deployment of the CRISPR-Cas system in plants for numerous applications are also discussed. Recent investigations have revealed the implications of the CRISPR-Cas system as a promising tool for targeted genetic modifications in plants. This technology is likely to be more commonly adopted in plant functional genomics studies and crop improvement in the near future.
Introduction
Targeted genome editing is an advanced approach for efficient and precise modifications in the genomic DNA of cellular organisms. This method harnesses the DNA repair system of the cell to create modifications in the target DNA sequence. In this approach, synthetic nucleases are used for the induction of double-stranded breaks (DSBs) at the target site(s) within the genome. Mutations are introduced by either imprecise repair of DSBs mediated by non-homologous end-joining (NHEJ) or by insertion of a donor DNA into the break by homologous recombination (HR). Recently, synthetic nucleases are being increasingly employed for targeted genome editing in various organisms including plants.
Among synthetic nucleases, homing endonuclease/meganuclease enzymes were the first to be used for genome editing purposes in plants, including Arabidopsis and maize (Gao et al., 2010; Antunes et al., 2012) . The yeast endonuclease I-SceI enzyme and its homologues are the most prominently used homing endonucleases for inducing DSB repair mechanism (Pâques and Duchateau, 2007) . The DNA-binding and nuclease domains of homing endonucleases overlap each other and thus are difficult to engineer to target different DNA site(s) (Pâques and Duchateau, 2007) . In addition, the recognition sites of homing endonucleases do not occur naturally in the plant genome, and the need to incorporate them limits the scope of these endonucleases as plant genome editing tools.
Hybrid proteins comprised of DNA-binding domain fused with nuclease domain have been designed for genome editing. Zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) are the most commonly used hybrid proteins for genome editing in different organisms (Weinthal et al., 2010; Miller et al., 2011; Li et al., 2013; Shan et al., 2013a; Voytas, 2013) . ZFNs are constructed by fusion of DNA-binding zinc-finger motifs with the nuclease domain of the FokI endonuclease (Weinthal et al., 2010; Carroll, 2011; Voytas, 2013) . A single zinc-finger unit consists of three or four binding modules, and each module recognizes a nucleotide triplet. Two ZFNs strung together can recognize a unique 18-24 bp sequence (with a 5-6 bp gap between them), and a DSB is made by the FokI dimer reconstituted by the pair of ZFNs. ZFNs have been used for gene targeting in various plants, including Arabidopsis, tobacco, maize, and soybean, for efficient and heritable mutagenesis (Shukla et al., 2009; Townsend et al., 2009; Osakabe et al., 2010; Zhang et al., 2010; Curtin et al., 2011) . The designing of multi-zinc-finger modules is difficult due to complex interactions between amino acid residues and base pairs of the target sequence. An in-depth understanding of interactions between each amino acid in the zinc-finger module with each base pair of the target sequence can facilitate designing of accurate zinc-finger module(s). Off-target cleavage due to non-specific binding of zinc-finger motifs has also been reported (Weinthal et al., 2010; Carroll, 2011; Voytas, 2013) . Moreover, the versatile usage of ZFNs in plants is limited by prohibitive licensing fees, which restricts access to the required design tools developed by the company, Sangamo Bioscience.
The DNA-binding domain of the Xanthomonas transcriptional activator-like effector (TALE) protein has also been fused with the FokI endonuclease domain to obtain TALENs (Bogdanove and Voytas, 2011; Weber et al., 2011; Shan et al., 2013a; Feng et al., 2014) . TALEs are composed of variable copies of 33-35 amino acid repeats. In each repeat, two residues at positions 12 and 13, termed repeat-variable di-residues, determine pairing with one base of the target DNA sequence (Streubel et al., 2012) . The off-target effects of TALENs are fewer than those of ZFNs due to the longer target recognition site (Weber et al., 2011; Shan et al., 2013a; Feng et al., 2014) . Efficient gene targeting has been reported in various plants (Brachypodium, rice, tobacco, and wheat) using TALENs (Mahfouz and Li, 2011; Shan et al., 2013a; Wang et al., 2014) . However, the construction of amino acid repeat arrays to assemble multiple repeat sequences remains a challenging task. Different methods have been developed to facilitate the assembly of repeat arrays (Weber et al., 2011; Shan et al., 2013a; Feng et al., 2014) , and various computer programs are available for efficient TALE designing and target prediction (Weber et al., 2011; Shan et al., 2013a; Feng et al., 2014) . TALE libraries are also available for mammalian systems (Feng et al., 2014) and the same may be generated for plants as well. However, this technology also demands sophisticated design and assembly of individual DNA-binding proteins for each DNA target sequence.
Recently, a more versatile and efficient genome editing tool has been developed based upon the bacterial clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein (Cas) type II adaptive immune system and trialled in different organisms including plants (Cho et al., 2013; Cong et al., 2013; Gratz et al., 2013; Jiang et al., 2013a, b; Li et al., 2013; Mali et al., 2013; Nekrasov et al., 2013; Qi et al., 2013a, b; Shan et al., 2013b; Shen et al., 2013; Wang et al., 2013; Yang et al., 2013) . The key elements of the CRISPR-Cas system are Cas proteins and CRISPR RNAs. The most explored Cas protein, Cas9 endonuclease with its different versions, can cleave at a specific target site with the help of two short RNA molecules, namely CRISPR RNA (crRNA) and trans-encoded CRISPR RNA (tracrRNA). These two RNA molecules can be fused artificially to form a chimaeric RNA molecule termed single guide RNA (sgRNA) Qi et al., 2013a) . Together with the Cas9 protein, sgRNA is able to form an RNA-guided endonuclease that mediates sequence-specific cleavage in the genome (Jinek et al., 2012) . The site-specific catalytic action of this sgRNA-Cas9 complex is defined by a sequence of only ~20 consecutive nucleotides of sgRNA (Fig. 1) . The designing of only ~20 nt sgRNAs is much simpler compared with that of ZFNs and TALENs. A brief comparison of meganuclease, ZFN, TALEN, and CRISPR-Cas9 technologies is presented in Table 1 . In this review, we first provide a brief overview of the function and types of the CRISPR-Cas system in bacteria and archaea. We highlight the use of CRISPR-Cas9 technology in gene/genome editing and describe its other useful applications, citing examples. We also address the current approaches being undertaken to minimize the off-target effects of CRISPR-Cas9 technology. Important considerations in designing an efficient CRISPR-Cas system for use in plants have also been discussed. Finally, we briefly outline the future applications of this technology for crop improvement.
The CRISPR-Cas system in bacteria and archaea Distant arrays of short repeats interspaced with unique spacers (CRISPR loci) have been observed in bacterial and archaeal genomes for a long time. Three research groups independently reported the homology of hypervariable spacer sequences with viral genome and plasmid sequences (Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005) . These studies hypothesized that CRISPR loci and Cas proteins could play a role in imparting immunity against transmissible genetic elements. Recently, the unique ability of the CRISPR-Cas system to degrade the genetic material of invading foreign DNA is being exploited as a genome editing tool. The CRISPR-Cas system is present in most archaeal (90%) and many bacterial (48%) genomes (Rousseau et al., 2009) . The majority of bacterial and archaeal genomes contain a single CRISPR-Cas system, with a few exceptions harbouring multiple copies (Rousseau et al., 2009) . This system has the ability to incorporate short sequences of non-self genetic material (spacers) at specific locations within the CRISPRs in the genome (Bhaya et al., 2011; Wiedenheft et al., 2012) . The CRISPR loci with spacers and diverse Cas genes located in the vicinity are the necessary components of the CRISPRCas system to mediate immunity against invading pathogens (Bhaya et al., 2011) .
The target of the CRISPR-Cas system is either the DNA or RNA of invading pathogens (Hale et al., 2009; Wiedenheft et al., 2009) . Various Cas proteins possess RNase and/or DNase activity and play important roles in one or multiple processes of the CRISPR-Cas system action. The Cas1 and Cas2 proteins are present in all variants of the CRISPR-Cas system. Cas1 protein is a metal-dependent DNase without sequence specificity and is involved in the integration of spacer DNA into the CRISPR locus (Wiedenheft et al., 2009 ). Cas2 protein is also a metal-dependent endonuclease, but the exact role of this protein is still unclear. Cas3 protein contains an HD domain, which has metal-dependent nuclease activity on double-stranded oligonucleotides (Makarova et al., 2006) . Cas4 is a RecB-like nuclease involved in spacer acquisition (Makarova et al., 2006) . Cas5 and Cas6 represent distantly related Cas proteins, named repeat-associated mysterious proteins (RAMPs) , that contain at least one RNA recognition motif and a characteristic glycine-rich loop (Makarova et al., 2006) . Makarova et al. (2011) categorized CRISPR-Cas systems into three distinct types, types I, II, and III, on the basis of the presence of the specific signature Cas protein. All three types of CRISPR-Cas system have Cas1 and Cas2 proteins in common (Makarova et al., 2011) . However, the effector complex that binds to crRNA and triggers cleavage, differs among different CRISPR-Cas systems. The differences among various types of CRISPR-Cas systems are summarized in Table 2 . The type I system is found in both bacteria and archaea, and targets DNA sequences with the help of the endonuclease activity of Cas3 protein (Makarova et al., 2011) . The type II CRISPR-Cas system has been reported only in bacteria. In addition to the Cas1 and Cas2, this system involves Cas9 (formerly Csn1) as a signature protein, which is a multifunctional protein having the ability to process pre-crRNA into crRNA and induce cleavage at the target site. The participation of tracrRNA in DNA cleavage and presence of protospacer adjacent motifs (PAMs) are unique features of the type II system. Type II is the simplest system and requires a set of only four proteins (Cas1, Cas2, Cas9, and Cas4/Csn2). The type III system is recognized by the presence of Cas10 and Cas6 proteins in addition to RAMPs. The Cas10 protein participates in the processing of crRNA and targets DNA cleavage. Cas6 and additional RAMP proteins are also involved in crRNA processing (Makarova et al., 2011) . This system is commonly present in archaea, but has been observed in some bacteria too (Makarova et al., 2011) . Overall, these findings emphasize the mechanistic and functional diversity of the CRISPR-Cas system in bacteria and archaea.
Mechanism of the CRISPR-Cas system
The type II CRISPR-Cas system recognizes and targets the genetic material of pathogens via three stepwise processes, namely acquisition, expression, and interference, as shown in Fig. 2 (van der Oost et al., 2009; Garneau et al., 2010; Horvath and Barrangou, 2010; Marraffini and Sontheimer, 2010) . The acquisition process involves recognition and integration of foreign DNA as spacer within the CRISPR locus. Generally, the protospacer contains a short stretch (2-5 bp) of conserved nucleotides (PAMs) that act as a recognition motif for acquisition of the DNA fragment (spacer). The insertion of a single copy of spacer of approximately 30 bp occurs at the leader side of the CRISPR array and is followed by its duplication (Garneau et al., 2010) . Mutations in the PAMs of the viral genome can thwart CRISPR-mediated immunity against pathogen attacks (Garneau et al., 2010) .
In the second step of the CRISPR-Cas system function, i.e. expression, the long pre-crRNA is actively transcribed from the CRISPR locus and processed into crRNAs with the help of Cas proteins (Cas1, Cas2, Cas9, and Cas4/Casn2) and the tracrRNA molecule. Recently, the tracrRNA has also been reported to participate in the processing of pre-crRNA in Streptococcus pyogenes (Karvelis et al., 2013) . The tracr-RNA pairs with the repeat region of crRNA via base complementarity and facilitates the processing of pre-crRNA into crRNA (Deltcheva et al., 2011) . The processed crRNAs enter into the CRISPR-associated complex for antiviral defence (CASCADE) and help to recognize as well as base pair with a specific target region of the foreign DNA (Deltcheva et al., 2011) . During the interference step, the crRNA guides the Cas protein complex to the specific target region of the foreign DNA for cleavage and provides immunity against pathogen attacks (Garneau et al., 2010; Marraffini and Sontheimer, 2010) . The type II CRISPR-Cas system has been exploited for genome editing in various organisms. The design and construction of CRISPR-Cas9 constructs is relatively straightforward, cheap, and devoid of intellectual property barriers. The components of the CRISPR-Cas system, crRNA and tracrRNA, can be fused into sgRNA to direct Cas9 for introducing target-specific DSBs (Jinek et al., 2012) . The designing of sgRNAs is also simple and thus may be preferred for genome editing. Initially, the type II CRISPR-Cas system was programmed to induce cleavage at various sites in DNA in vitro (Jinek et al., 2012) . Recently, the CRISPR-Cas technology has been adopted for genome editing in bacteria, yeast, and other organisms for efficient targeted mutagenesis (Cong et al., 2013; Dicarlo et al., 2013; Gratz et al., 2013; Jiang et al., 2013a; Hwang et al., 2013; Mali et al., 2013; Shen et al., 2013; Qi et al., 2013a; Wang et al., 2013; Yang et al., 2013) . The target mutation efficiency of the CRISPR-Cas9 system was found to be similar to ZFNs and TALENs in vivo (Hwang et al., 2013) .
Applications of the CRISPR-Cas9 system in genome editing
The CRISPR-Cas9 system has been used in different organisms for various applications, such as the introduction of point mutations similar to natural single-nucleotide polymorphisms, subtle modification of gene function, and integration of foreign genes for gene pyramiding, gene knockouts, delivery of protein to genomic loci, repression/ activation of gene expression, and epigenome editing. The reports of usage of CRISPR-Cas9 system-mediated plant genome engineering are limited so far. In 2013, three different research groups simultaneously reported the use of the CRISPR-Cas9 system for targeted genome modifications in plants Nekrasov et al., 2013; Shan et al., 2013b) . Later, a number of other reports demonstrated the efficacy/potential of the CRISPR-Cas9 technology as an efficient genome editing system in model and crop plants (Belhaj et al., 2013; Feng et al., 2013; Jiang et al., 2013b; Mao et al., 2013; Miao et al., 2013; Sugano et al., 2014; Jiang and Wang, 2014; Wang et al., 2014) .
Different variants of Cas9, such as native Cas9, Cas9 nickase, and dCas9 (nuclease-deficient Cas9), can be employed for different applications. Wild-type humanized Cas9 (hCas9) has been used in mammalian cells to generate gene knockouts (Cho et al., 2013; Cong et al., 2013; Mali et al., 2013) . The hCas9 protein introduces DSBs at specific target regions, which activates the NHEJ repair machinery and leads to insertion/deletion of one or more nucleotides at the DSB site. A better efficiency of the CRISPR-hCas9 system has been reported over TALENs in human cell lines (Cong et al., 2013) . The ability of the CRISPR-hCas9 system has also been proved for high-throughput applications by editing multiple target loci simultaneously (Cho et al., 2013) . However, the use of hCas9 for genome rearrangement is restricted due to some deleterious and unwanted side effects (Qi et al., 2013a) . Among plants, Shan et al. (2013b) used customized sgRNAs and codon-optimized S. pyogenes Cas9 (SpCas9) to induce targeted genome modifications in rice and common wheat for efficient sequence-specific modifications in plants. Another report demonstrated the use of the CRISPR-Cas9 technique in the model plants Arabidopsis and Nicotiana benthamiana to induce mutagenesis in the phytoene desaturase gene and documented precise genomic mutations in the target sequences with 2.7 and 4.8% frequency, respectively . Feng et al. (2013) introduced Cas9 and an sgRNA expression cassette for different target genes individually in Arabidopsis and rice and detected a high targeted mutagenesis efficiency, regardless of the gene structure and chromatin condition. They documented the generation of transgene-free Arabidopsis plants with specific and heritable genome editing for two generations. Two sites (CHLOROPHYLL A OXYGENASE1 and LAZY1) in the Arabidopsis genome have been targeted simultaneously using a single CRISPR-Cas construct harbouring two sgRNA expression cassettes (Mao et al., 2013) , which highlights the use of the CRISPR-Cas9 system for multiplex gene editing in plant cells too. Recently, CRISPR-Cas9 technology has been used to mutate selectively only one of the three homoeoalleles of MILDEW RESISTANCE LOCUS (MLO-A1) in hexaploid wheat with a mutation frequency of 5.6% . Furthermore, it has been demonstrated that the CRISPR-Cas9 system can provide the fastest possible scenario (within one generation) for production of transgenic crop plants with specific and homozygous targeted gene editing .
The hCas9 nicknase, a mutant version of hCas9 endonuclease, has been used for the addition of specific DNA sequences as well as gene replacement strategy (Gratz et al., 2013; Li et al., 2013; Wang et al., 2013; Yang et al., 2013) . The hCas9 nickase generates single-strand break at a specific target DNA sequence by promoting HR instead of NHEJ to 
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Cleaved virus/plasmid DNA Fig. 2 . Diagrammatic representation of the bacterial CRISPR-Cas system, which provides protection against pathogen attack. The CRISPR-Cas system recognizes and targets the genetic material of invading pathogens via three stepwise processes, namely acquisition, expression, and interference. The acquisition step involves recognition and integration of foreign DNA as spacer at the leader side of the CRISPR locus, followed by duplication of the repeat. In the expression step of the CRISPR-Cas system, the long pre-CRISPR RNA (pre-crRNA) is actively transcribed from the CRISPR locus and processed into crRNAs with the help of specific Cas proteins as well as trans-activating crRNA (tracrRNA). During the third step of interference, a specific sequence of foreign genetic element is targeted and cleaved. The crRNA guides the Cas9 protein for cleavage to the complementary target region of the DNA of viruses and plasmids. (This figure is available in colour at JXB online.)
avoid off-target effects (Cong et al., 2013; Mali et al., 2013) . The target efficiency of hCas9 nickase has been documented to be similar to that of wild-type Cas9 (Cong et al., 2013) . The CRISPR-hCas9 nickase system has been used to target multiple genes/alleles in Drosophila and mouse with high efficiency and with rare off-target mutations (Gratz et al., 2013; Wang et al., 2013; Yang et al., 2013) . In plants, gene replacement mediated by HR has been demonstrated in N. benthamiana protoplasts using a double-stranded DNA donor . A few other studies have also provided evidence for successful implementation of the CRISPR-Cas9 technology for targeted gene/genome editing in diverse plant species, as summarized in Table 3 . Overall, these studies demonstrate the utility of the CRISPR-Cas9 system as an efficient tool for genome editing in plants.
Other applications of the CRISPR-Cas9 system beyond genome editing
In addition to genome editing, the CRISPR-Cas system has been employed to regulate gene expression. Recently, a CRISPR interference (CRISPRi) platform has been developed for gene silencing, which provides a complimentary approach to RNA interference (Larson et al., 2013; Qi et al., 2013a) . The co-expression of dCas9 with a specific sgRNA of the gene of interest facilitates the binding of dCas9-sgRNA to the non-template DNA strand of the coding region and blocks the transcription elongation process. This approach has also been adopted for preventing the interaction between key cis-acting DNA motifs and their corresponding transacting transcription factors in the promoter region to block transcription initiation (Larson et al., 2013) . The gene knockdown by CRISPRi is highly specific and reversible in action. One more advantage of CRISPRi over RNA interference is that it can be used simultaneously for multiple target genes (Qi et al., 2013a) . Thus, the CRISPRi approach shows enormous potential for gene silencing applications. In addition, inactive Cas9 has been fused with different effector domains (repressor/activator) for recruiting fusion proteins to specific genomic loci (Bikard et al., 2013; Cheng et al., 2013; Rusk, 2014) . The Krüppel-associated box, a transcriptional repressor, has been grafted with inactive Cas9, which showed relatively higher repression efficiency than inactive Cas9 alone in HEK293T cells (Bikard et al., 2013) . Conversely, the ω subunit of RNA polymerase has been used with inactive Cas9 to activate gene expression in Escherichia coli (Bikard et al., 2013) . Recently, an inactive Cas9 fused with an enhanced green fluorescent protein was co-expressed with specific sgRNA to enrich the florescent signal at the targeted genomic loci, which demonstrated the use of the CRISPR-Cas9 system as a robust and flexible platform for visualization of genetic element dynamics (Chen et al. 2013) . Malina et al. (2013) has extended the utility of the CRISPR-Cas9 system by demonstrating its use in targeted gene disruption positive-selection screening in vitro and in vivo. The idea of fusion of inactive Cas9 with histone-modifying enzymes to introduce custom changes in the complex epigenome has also been documented (Rusk, 2014) . Recently, the CRISPR-Cas system has been exploited to purify a specific portion of the chromatin and identify the associated proteins, thus elucidating their regulatory roles in transcription (Waldrip et al., 2014) . These reports demonstrate the utility of the CRISPR-Cas9 system as a potential molecular tool with broader applications.
Minimizing off-target effects of the CRISPR-Cas9 system
To improve the efficiency and specificity of the CRISPRCas system, it is necessary to analyse and address its possible off-target effects. A high frequency of off-targets has been reported in human cells but a low frequency in mice and zebrafish using a T7 endonuclease 1 (T7E1) assay (Hwang et al., 2013; Yang et al., 2013) . No off-target modifications have been observed in Arabidopsis and N. benthamiana using T7E1 and restriction enzyme site loss assays, respectively (Feng et al., 2013; Nekrasov et al., 2013) . However, off-target effects of the CRISPR-Cas system have been detected in plants via PCR and/or resequencing (Shan et al., 2013b) . The off-target effects of the CRISPR-Cas system are a potential concern, and a few studies have been performed to address this issue in different organisms. Recently, the highresolution structure of SpCas9 complexed with sgRNA and its target DNA has been revealed, which illuminated the mismatch tolerance mechanism between the sgRNA and targeted DNA sequence (Nishimasu et al., 2014) . This finding is considered an important step towards understanding the molecular mechanism of the CRISPR-Cas9 system and can pave the way towards enhancing Cas9 specificity and activity. To overcome the off-target issue, Cong et al. (2013) used a Cas9 nickase mutant to induce precise cleavage only at one DNA strand of the target site and activate HR for enhancing specificity of target recognition. Ran et al. (2013) used a double nicking strategy by combining a Cas9 nickase with paired sgRNAs to introduce DSBs and observed off-targets that were reduced by 50-to 1500-fold. Shen et al. (2014) evaluated the mutant versions of cas9 nickases (D10A and H840A) and found no cleavage at known offtarget sites. The significance of the amount of Cas9/sgRNA delivered and the ratio of Cas9:sgRNA have also been studied to minimize off-target cleavage Li et al., 2013; Pattanayak et al., 2013) . A higher concentration of Cas9:sgRNA resulted in higher off-target cleavage relative to a limited Cas9 concentration (Pattanayak et al., 2013) . Li et al. (2013) targeted AtPDS3 and AtFLS2 genes with different ratios of sgRNA and Cas9 in Arabidopsis and observed optimal mutagenesis with the ratio of sgRNA:Cas9 at 1:1 only. Hsu et al. (2013) also minimized off-target effects by titrating the dosage of SpCas9 and sgRNA. A web-based software tool (CRISPR design tool) has been developed to guide the selection and validation of target sequences as well as off-target analyses . Although the above studies provide some insights on how to minimize the off-target effects of the CRISPR-Cas9 system, there is an OsU6 Agrobacteriummediated transformation Jiang et al. (2013b) Marchantia polymorpha L.
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Important considerations for CRISPRCas9-based genome editing in plants
Efficient genome editing using the CRISPR-Cas9 system requires delivery of sgRNA and Cas9 protein into the target cells. The sgRNA and Cas9 can be expressed in plant cells either from expression vectors or by microinjected RNA (for sgRNA) and mRNA (for Cas9). These may be delivered either directly (electroporation) or via an agent (plasmids). Agrobacterium-mediated transformation, polyethylene glycol-mediated transformation, and shotgun methods have been adopted as delivery methods in plants for gene/ genome editing using the CRISPR-Cas9 approach (Jiang et al., 2013b; Li et al., 2013; Mao et al., 2013; Nekrasov et al., 2013; Shan et al., 2013a, b) . The selection of optimal promoters to derive the expression of sgRNA and/ or Cas9, and codon-optimized versions of Cas9 are very important for efficient genome editing. Generally, codonoptimized versions of SpCas9 have been used in eukaryotic organisms. However, some research groups have used plant codon-optimized version of Cas9 (Jiang et al., 2013b; Li et al., 2013; Miao et al., 2013; Shan et al., 2013b) . A few studies have reported the use of the CRISPR-Cas9 system in plants using a human codon-optimized version as well (Feng et al., 2013; Mao et al., 2013; Nekrasov et al., 2013; Upadhyay et al., 2013; Xie and Yang, 2013) . In plants, the EF1A, CMV, UBO, and LTR promoters have been used to drive Cas9 expression. Among these, the cauliflower mosaic virus 35S promoter has been used most commonly (Belhaj et al., 2013) . However, more systematic studies are required to determine the most efficient promoter and Cas9 combinations in plants.
The second component of the CRISPR-Cas system is the sgRNA sequence, which is composed of a constant tracrRNA and variable crRNA (Jinek et al., 2012) . The sequence of crRNA confers the DNA target specificity. By using variable crRNAs, it is possible to design sgRNAs for different targets. The established length of the crRNA is 20 nt . Consequently, the DNA target sequence is 20 bp followed by a PAM sequence (NGG/NAG). However, DNA targets and crRNAs that differ from the established 20 bp length have also been reported in a few studies with length variations of 19-22 bp (Belhaj et al., 2013; Feng et al., 2013; Miao et al., 2013; Shan et al., 2013b) . Therefore, the target DNA sequence is (N) [19] [20] [21] [22] [19] [20] [21] [22] NAG in plants. However, the potential of the CRISPR-Cas9 system to target a specific sequence may be limited by the availability of PAM sites (Wei et al., 2013) . The analysis of nuclear genome sequences of eight representative plant species (Arabidopsis thaliana, Medicago truncatula, Glycine max, Solanum lycopersicum, Brachpodium distachyon, Oryza sativa, Sorghum bicolor, and Zea mays) has revealed a PAM (NGG/NAG) site frequency of 5-12 times every 100 bp, and the number of PAMs was positively correlated with genome size. A recent study revealed much less affinity and reduced tolerance of mismatches at the NAG site instead of NGG . sgRNAs have been expressed using plant RNA III promoters, such as U6 and U3 (Belhaj et al., 2013) . The U6 and U3 promoters have a 'G' and 'A' transcription start nucleotide, respectively. Thus, the crRNA sequence in the sgRNAs is G(N) [19] [20] [21] [22] for the U6 promoter and A(N) [19] [20] [21] [22] for the U3 promoter. However, it is not necessary to pair the first G or A with the target sequence in plants (Belhaj et al., 2013; Feng et al., 2013; Li et al., 2013; Mao et al., 2013; Miao et al., 2013; Nekrasov et al., 2013; Shan et al., 2013b; Xie and Yang, 2013) . A list of targeted gene(s) in different plants along with promoter(s) used to drive Cas9 expression, the Cas9 version, and the sgRNA promoter is given in Table 3 .
A methodology for execution of targeted mutagenesis using the CRISPR-Cas9 system is outlined in Fig. 3 . The first step is the selection of the target site in the DNA sequence that must contain the short PAM sequence at its 3' end. The target selection is a major concern for large-scale implementation of the CRISPR-Cas9 technology. The selection of suitable target site(s) can provide a high efficiency of mutagenesis with least/no off-targets. Many bioinformatics tools have been developed for designing sgRNA with high specificity and detection of off-targets in model organisms (Bae et al., 2014; Heigwer et al., 2014; Xiao et al., 2014) . A sequence design platform has been developed to select a unique sgRNA with high recognition efficiency after consideration of single-nucleotide polymorphisms, deletion or insertion of nucleotide(s) in the genome, and potential RNA secondary structure . More recently, genome-wide prediction of highly specific sgRNAs with little or no off-target effects has been carried out in model and crop plants and a CRISPR-PLANT platform has been developed (Xie et al., 2014) .
After confirming the target site of the desired DNA sequence for catalytic action, the next step is the designing of oligonucleotides corresponding to the target site. The designed oligonucleotide(s) are fused with a DNA fragment encoding the sgRNA scaffold and placed under a suitable promoter for optimal expression. The construct(s) are transformed into plant cells for expression using a suitable delivery method. The screening of targeted mutations can be carried out either using restriction fragment length polymorphism or T7E1 assays as described by Xie and Yang (2013) . If the desired targeted mutagenesis site is present within the restriction enzyme sites, PCR can be used to investigate the NHEJ-mediated targeted mutagenesis in the genome. The NHEJ-mediated mutation will destroy the restriction enzyme site leading to the amplification of mutated sequence only. On the other hand, the T7E1 assay involves amplification of targeted sites from genomic DNA followed by treatment with mismatch-sensitive surveyor nuclease (T7E1 enzyme). The enzyme cleaves distorted duplex DNA formed via cross-annealing of mutated and wild-type sequence only. However, the restriction enzyme site loss assay is more sensitive than the T7E1 assay. For detection of multiple target efficiency, a deep-sequencing approach can be employed. In summary, different Cas9 versions seem to work for efficient site-directed mutagenesis in plants. However, more investigation is required for testing the efficacy of different promoters and Cas9 combinations in plants.
Concluding remarks and future perspectives
Genome editing tools are poised to have a significant impact on basic and applied research in plant biology. The simplified approach for gene/genome editing provides a valuable tool to the plant biologists for functional analysis of gene(s) and to the breeders for integration of important genes in the genomes of important crops. The CRISPR-Cas system couples several desirable features, including simplicity, efficiency, high specificity, minimal off-target effects, and amenability to multiplexing, and thus seems to be extremely promising in plants. The targeted mutagenesis of various genes can provide important insights into their function. Targeting multiple genes/loci simultaneously by implementing multiplex strategies can facilitate pathway-level studies and help engineering of complex multigenic agronomic traits in crop plants. The use of the CRISPR-Cas system in a genome-wide knockout screening can be preferred over RNA interference due to precise targeted modification. This system can also be used for microRNA knockdown screening. A saturating set of programmed edits to a specific locus can also be performed via CRISPR-Cas to potentially facilitate high-resolution functional dissection of cis-and trans-regulatory elements/ factors. Another promising utility of the CRISPR-Cas9 system could be in generating conditional alleles providing spatial and temporal control over gene expression to study the function of lethal genes. The use of inducible/tissue-specific promoters for the expression of Cas9 and/or sgRNAs can provide a means to regulate gene expression in specific tissue/ developmental stage/environmental conditions. The CRISPR-Cas system opens the door to easily tag endogenous genes with fluorescent proteins to visualize their expression in vivo. Using fluorescently tagged dCas9, changes in genomic architecture/chromosome dynamics occurring during various developmental events or responses to environmental stimuli in plants can also be explored. This technology can also be used for sorting of specific cell-types by tagging them with a fluorescent marker to facilitate the study of various functional aspects. The use of dCas9 can provide a novel platform for recruitment of effector (activation/repression domain) domains to specific genomic loci to regulate endogenous gene expression. It will also be interesting to see the use of this technology in epigenome editing via recruitment of proteins responsible for histone modifications or DNA methylation, which would open an entirely new avenue of regulation of cellular function in plants. The CRISPR-Cas system could also be utilized for enrichment of targeted portions of chromatin for identification of proteins attached to enriched chromatin in plants for an understanding of epigenetic regulation. Similarly, this approach could be established as useful tool to identify regulatory proteins that bind with specific DNA sequences to control gene expression.
The sequence-specific integration of foreign genes for gene pyramiding in elite cultivars can help develop new varieties in a shorter time. The CRISPR-Cas system technology could be utilized for the creation and use of novel allelic variants for breeding in crops. This technology can also be harnessed to produce alterations in the histone proteins found in centromeric nucleosomes, which can lead to selective loss of one set of chromosomes. This novel approach can be utilized for the production of haploids. Using the CRISPR-Cas technology, homozygosity can be obtained within one generation for use in CRISPR-Cas system for plant genome editing | 55 plant breeding. In addition, this system promises marker gene and antibiotic selection-free genome engineering with high precision in diverse plant species. Viral delivery of the constructs or crossing of the transgenic plant carrying the CRISPR-Cas system with elite lines/cultivars can provide non-transgenic genome modifications in plants, which can address the ethical concerns being raised by transgenic plants. The introduction of desired genetic/epigenetic variations via the CRISPR-Cas system can provide a promising platform to engineer important agronomic traits, such as increased yield and improved stress tolerance in crop plants. Altogether, the CRISPR-Cas system opens up exciting opportunities for implementing novel biotechnological approaches for crop improvement. Although progress in CRISPR-Cas9-based plant genome editing has been impressive over the past 2 years, certain questions, such as the precise molecular mechanism, the influence on local chromatin context, the perfect length of sgRNA for best efficiency, the off-target probability of a given sgRNA, and methods for efficient delivery in plants, remain to be addressed. In addition, the further optimization of Cas9 and sgRNA specificity and expression can improve the efficiency of this approach. Furthermore, studies are also needed for evaluation of germline transmission and the heritability of mutations mediated by the CRISPR-Cas9 system. Overall, it may be concluded that the CRISPR-Cas9 system can provide human control over genetic information. All the ongoing efforts and future advances in this technology will accelerate both basic and applied research, opening the door to improve a wide variety of agronomic traits in crop plants.
